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(iii) presents a meta-analysis of published data, (iv) explores inter-individual and intra-individual
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factors, (v) discusses the available heat mitigation strategies, (vi) estimates physical work capacity,
labour productivity, and metabolic rate for the year 2030, and (vii) provides an overview of
existing policy and legal frameworks on occupational heat exposure. Meta-analytic findings
from 38 field studies that involved monitoring 2,409 outdoor workers across 41 jobs in 21
countries suggest that occupational heat stress increases the core (r = 0.44) and skin (r = 0.44)
temperatures, as well as the heart rate (r = 0.38) and urine specific gravity (r = 0.13) of outdoor
workers (all p < 0.05). Moreover, it diminishes the capacity of outdoor workers for manual labour (r
=—-0.82; p < 0.001) and is responsible for more than two thirds of the reduction in their metabolic
rate. Importantly, our analysis shows that physical work capacity is projected to be highly affected
by the ongoing anthropogenic global warming. Nevertheless, the metabolic rate and, therefore,
labour productivity are projected to remain at levels higher than the workers’ physical work
capacity, indicating that people will continue to work more intensely than they should to meet
their financial obligations for food and shelter. In this respect, complementary measures targeting
self-pacing, hydration, work-rest regimes, ventilated garments, and mechanization can be
adopted to protect outdoor workers.

Introduction proportionately small compared to the wide range of

The global challenge faced by rising temperatures
places workers at an increasingly greater risk of heat-
related morbidity and mortality. Literature suggests
the existence of a thermally neutral ambient tem-
perature zone between ~15°C and ~25°C (clothed
individuals), where heat exchange (Figure 1) and
body core temperature regulation is achieved pri-
marily by control of dry heat loss [1]. Any human
activity outside this temperature range is exponen-
tially affected, leading workers to experience elevated
physiological heat strain [2-5] accompanied by
diminished cognitive [2,5-10] and physical perfor-
mances [2-4,8,11-13]. Of course, it is beyond any
doubt that a thermally neutral zone of only 10°C is

ambient temperatures where human beings are
expected to survive and perform their daily activities.
In fact, people can be currently found fishing in the
frozen lakes of Finland, as well as walking camels in
the hot Sahara Desert. This broad range of environ-
ments where people perform their daily duties is,
unfortunately, expected to get warmer due to the
ongoing anthropogenic global warming, affecting
the billions of people who work outdoors [14]. In
addition to this, most industrialized countries are
concurrently faced with the challenge of an aging
workforce [15,16], which is accompanied by chronic
diseases and a deterioration of human physiological
capacity for heat dissipation [17-22]. Currently,
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Figure 1. Heat transfer between human body and the surrounding thermal environment in occupational settings.

despite the increasing awareness of the effects of
occupational heat stress on health and well-being,
tens of crop workers are dying every year due to
occupational heat exposure in the United States
[23], while one fatal case of occupational heat stress
is expected to occur every 14 to 24 minutes world-
wide by 2030 [24]. Furthermore, by the end of the
decade more than 2 % of working hours across the
globe are estimated to be lost every year, because it
will be too hot to work and/or because people will
work at a slower pace [14]. Outdoor workers such as
those who work in agriculture and construction will
be the most affected, accounting for 60 % and 19 %
of global working hours lost to heat stress, respec-
tively [14]. Similarly, the ongoing climate change is
becoming a “threat multiplier” which increases the
occurrence of fires [25] and conflicts [26] all around
the globe, multiplying the exposure of first respon-
ders and soldiers to increased occupational heat
stress. Countries have begun to refine their policies
and guidelines to address the rising threat to worker
health and safety caused by the anthropogenic global
warming, and these efforts must be presented and
discussed to provide guidance to countries wishing
to adopt relevant policies in the future.

The present comprehensive review summarizes
current knowledge and understanding on the
impacts of occupational heat stress on outdoor
workers. It provides a historical background on

the work performed since the early scientific
research and includes meta-analyses of recently
published ecological data on the impact of occupa-
tional heat stress on indicators of physiological
heat strain (heart rate, skin temperature, core tem-
perature, hydration status, metabolic rate). It also
discusses inter-individual (e.g. sex, age, chronic
disease) and intra-individual (modifiable within
an individual over relatively short periods) factors
both within (e.g. hydration, fitness, acclimation)
and beyond an individual’s control (e.g. work
shift duration, number of consecutive days of
work), and presents the available heat mitigation
strategies for outdoor workers. Finally, the article
concludes with a novel presentation of projected
physical work capacity (see subsection “capacity or
productivity?”), labour productivity, and metabolic
rate for the year 2030 based on climate change
models, and provides a brief overview of existing
policy and legal frameworks on occupational heat
exposure.

Historical background

Occupational heat stress is also linked with
a broad spectrum of deleterious effects on human
health and wellbeing. It is fair to say that work-
place heat exposure is a problem as old as humans.
After all, it has been speculated that we have been



evolutionary adapted for hunting in the heat [27],
which was for several millennia our preeminent
occupation. Although historical observations are
not strictly gathered according to modern research
criteria and guidelines, several archaic sources
reported incidents of occupational heat strain in
ancient combats. For instance, in the history of
Peloponnesian war, Thucydides reported that
Spartan and Athenian soldiers were suffering
from thirst under the heat of the sun [28].
Similar stories, by the same historian, reported
that Syracusans forced Athenian captives to work
in hot quarries without any roof to cover them
from the sun, making them ill [29]. In a different
incident, Archimedes used mirrors and reflective
sunlight as an anti-personnel weapon to defend
Syracuse from the Roman fleet [30]. Although,
these stories of occupational heat stress/strain
were reported more than two millennia ago, it
was the first time in history where ambient condi-
tions were described as being capable to affect
humans in occupational settings. Several centuries
later, an article published in The Lancet, in
June 1865, reported that “Commanding Officers of
volunteers are very apt to err in this particular; and
the spirit of their men is such that they shrink from
complaint, and persevere in efforts which may
easily, under a burning sun, become dangerous to
life.”[31]. With the invention of high-speed presses
and the facilitation of more frequent publication of
newspaper articles, this historical knowledge
became more apparent to the world. An article
published by Stamford Mercury in August 1871
reported: “The intense heat has for some days made
it very difficult for labourers to work in the harvest
fields in Devon and Cornwall, and on Monday
a man named Rogers expired very suddenly while
at work near Kingsbridge.” Also, incidents of occu-
pational heat stroke during military operations
and work in firerooms were only some of the
examples that filled out the pages of newspapers
every so often.

The idea of describing the heat stress experi-
enced by someone was also incubated in the early
scientific research era. Aristotle, the father of ther-
moregulation [32,33], was the first to state that the
brain regulates body temperature within an opti-
mum range for comfort (in ancient Greek, “O pév
o0V éyképadog elkpatov moiel THv €v T Kapdig
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OepudtnTa ki Céorv”) [34]. He also wrote on the
physics of temperature and moisture, stimulating
the development of the first instruments for quan-
tifying heat stress, more than two millennia ago
[33]. Over the next two millennia, knowledge on
human thermoregulation advanced sporadically
through contributions of individual scientists and
physicians such as Galileo Galilei [33] and
Santorio Santori [35] who developed the first
instruments to assess ambient and body tempera-
ture, while it was during the late 18™ century when
the scientific community worked collectively on
the topic. In 1777, in an early attempt to explain
metabolic heat production, Lavoisier formulated
his respiration theory in which oxygen in lungs
reacts with carbon from blood producing carbon
dioxide and heat [36-38]. A few years later, in
1789, following his hypothesis that heat is
a substance which he called “caloric”, he came up
with the term “calorimeter” [38,39]. In 1908,
Haldane published first on the effects of occupa-
tional heat stress on the physiological heat strain
experienced by workers [40]. In 1912, Isenschmid
and Krehl, reported first on the importance of
hypothalamus on temperature regulation [41]. Six
years later, in 1918, an editorial article reported in
the Journal of the American Medical Association
suggested that workplace heat stress is an indus-
trial health hazard [42]. Soon thereafter, Houghten
and Yaglou made an early attempt to characterize
the “comfort zone” at the laboratories of the
American Society of Heating and Ventilating
Engineers [43]. In Europe, Vernon and Warner
[44] and, later, Bedford [45] conducted empirical
studies among factory workers. Analytical work
started few years prior to the second World War
in the United States, where Winslow and his col-
leagues [46] made significant contributions.
During the second World War, research activity
on the topic intensified and many disciplines
including engineering, physiology, medicine, and
meteorology became involved. After the War,
Yaglou and Minard developed instructions for
the United States Army, introducing for the first
time the Wet-Bulb Globe Temperature (WBGT)
[47]. During the 1960s, the work of Wyndham and
colleagues at the Chamber of Mines of South
Africa developed the foundations of modern
“occupational environmental physiology” [48-50].
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At the same time, in England, Lind conducted
laboratory experiments aiming to identify
a physiological criterion for setting environmental
limits during work in the heat [51], and soon
thereafter his findings were adopted by the
World Health Organization [52].

Coming to the most recent times, in 1986, the
first International Conference on Environmental
Ergonomics was held in Whistler, Canada. This
meeting became a hub for researchers wanting to
present their work on the impacts of different
environmental factors on working people. In
2015, the European Commission funded the
“HEAT-SHIELD” project which aimed to expand
knowledge on the impact of occupational heat
stress on worker health and productivity [53].
The “Operation Heat Shield Canada” project was
recently funded by the Canadian Foundation for
Innovation to develop population-specific mitiga-
tion strategies reducing heat-related morbidity and
mortality. At the same time, the “HeatSafe” project
in Southeast Asia seeks to protect people who
work in tropical countries, such as Singapore,
Vietnam, and Cambodia. Also, reputable organiza-
tions such as the International Labour
Organization [54] and the Department of Labor
of the United States [55] take initiatives to safe-
guard the health and wellbeing of people who
work under significant heat stress. The recent
attention of both scientists and funding bodies is
a result of the increasing realization that outdoor
workers are significantly affected by ambient con-
ditions, experiencing increased physiological heat
strain [2-5,11,18,53,54,56-58] and reduced capa-
city for manual labour [2,11,13]. This is timely
because the ongoing global warming indicates
that advanced and focused research is needed
now more than ever before.

Occupational heat strain in outdoor workers:
A meta-analysis

As discussed throughout this article, heat exposure
in outdoor workplaces is accompanied by an ines-
capable alteration of human physiological function
and capacity for work. Numerous laboratory
experiments and ecological studies have been con-
ducted to investigate the associations between
occupational heat stress and physiological heat

strain. In an attempt to provide a holistic view
on the impact of occupational heat stress on out-
door workers, this section synthesizes the available
evidence on the topic and provides quantitative
information, by means of meta-analysis, on the
impact of workplace heat exposure on the physiol-
ogy and labour capacity of those who work out-
doors. The following subsections provide detailed
information on all the steps and procedures
involved in the present meta-analysis.

Inclusion criteria

In this meta-analysis we included studies that
involved monitoring outdoor (people who typi-
cally work under the sun or under partially shaded
conditions) workers who carry out their duties in
warm-to-hot environments. To eliminate the effect
of automation and mechanization that has drasti-
cally increased over the last two decades resulting
in reduced metabolic rate and physiological heat
strain during work in the heat [2,59-61], our
meta-analysis included only studies conducted
since the year 2000. This is because, the present
meta-analysis aims at investigating the heat strain
experienced by modern workers employing con-
temporary work practices, where their work effort
and metabolic rates are significantly reduced due
to automation and mechanization. Additionally,
only studies presenting numerical (means and
standard deviations/medians and ranges) or gra-
phical (illustrations and figures) information (pre-,
per-, and post-shift data, or comparisons between
neutral/cold and warm/hot environments) were
included in the present meta-analysis.

Exclusion criteria

We excluded laboratory experiments since they do
not usually consider solar radiation which is
known to increase the physiological heat strain
experienced by outdoor workers [5,57,62-67],
and self-pacing which is known to reduce the
work effort and therefore metabolic heat produc-
tion and subsequently mitigate the physiological
heat strain experienced by workers [2,3,11,68]
(Figure 2). Also, we excluded studies incorporating
only indoor workers, such as those who work in
the manufacturing, education, and health



industries, since they were deemed to be out of
scope of the present review which examines the
impact of occupational heat stress on outdoor
workers. We also excluded studies that involved
monitoring outdoor workers but did not provide
numerical or graphical information describing the
effect of heat exposure, throughout the work-shift,
on the monitored workers.

Methods

Our search was performed manually over seven
databases (PubMed, Web of Science, Scopus,
Embase, Medline, Google Scholar, and
Agricultural ~and  Environmental  Science
Collection) for studies that investigated the
impacts (variables listed below) of occupational
heat stress on people who work under the sun.

WORKPLACE

« Actual dynamic and kinematic characteristics of the work performed.

Ay
‘,
d/

« Limited data collection, usually Teore, Tsk, HR, and hydration.
« Not easy to control/repeat, due to varying ambient conditions.

« Not easy to examine inter- and intra-individual differences.

LABORATORY

g « Involves inexperienced volunteers, usually students.
— « Work is simulated using cycloergometers or treadmills.
« Does not usually consider behavioural thermoregulation.
» Does not involve actual ambient conditions, usually no sunlight.
% « Does not involve actual clothing ensembles.
« Does not involve consecutive and prolonged work shifts .
» Precise data collection, additional measurements (sweat rate, etc).

|
|
. |
« Easy to control/repeat, use of environmental chamber. |
|
« Easy to examine inter- and intra-individual differences. |

|

« Involves experienced and acclimatized workers.

« Involves actual ambient conditions, including sunlight.

I
|
|
|
|
|
|
« Considers behavioural thermoregulation (clothing, self-pacing, etc). |
|
|
|
« Involves actual clothing ensembles (overalls, gloves, boots, etc). ‘

|

|

|

- Involves actual consecutive and prolonged shifts (8 to 12 hours).
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In each study, we extracted the average work-
shift WBGT as well as pre-, per-, and post-shift
data for body core temperature as measured with
ingestible capsules or rectal probes (Figure 3:A),
mean skin temperature (Figure 3:B), heart rate
(Figure 3:C), dehydration as expressed by urine
specific gravity (Figure 3:D), and labor productiv-
ity as measured by time-motion analysis (Figure 3:
E). WetPlotDigitizer was used to extract data from
studies presenting only graphical information [69].
Detailed information on all the procedures
involved when assessing physiological heat strain
in ecological settings is presented in a subsequent
section entitled “assessing physiological heat strain
in occupational settings”.

In studies where precise WBGT values were not
available, we used the reported environmental data
(usually air temperature and relative humidity) to

U O00000

Figure 2. Advantages (pros) and disadvantages (cons) of ecological and laboratory studies when assessing labour productivity.
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Figure 3. Effect of occupational heat stress as expressed by the Wet-Bulb Globe Temperature (WBGT) on the physiological heat
strain experienced by outdoor workers. Information was extracted from 38 studies investigating the impact of occupational heat
stress on outdoor workers. Shaded areas represent the 95 % confidence interval around the fitted line. Each circle represents a study,
while circle size portrays study weight. Data are presented as delta differences from baseline. Equations can be solved as: a + f

x WBGT.

Wet—Bulb Globe Temperature (°C)

a | constant: —0.5253
B | change per 1°C WBGT: +0.0305
p value: 0.0034

a | constant: -2.4221
B | change per 1°C WBGT: +0.1451
pvalue: 0.0014

a | constant: —-30.6762
P | change per 1°C WBGT: +1.7432
p value: 0.0081

a | constant: —0.0056
B | change per 1°C WBGT: +0.0003
p value: 0.0315

a | constant: +45.3722
B | change per 1°C WBGT: -2.3778
p value: <0.0001



calculate the indicator using the approach pro-
posed by Liljegren [70], which is the recom-
mended methodology for calculating workplace
WBGT from meteorological data [71,72]. When
no solar radiation and/or wind speed data were
reported, we assumed 800 W/m” and 1 m/s,
respectively, which are representable ambient con-
ditions during work outdoors under partially
cloudy sky [2,11]. In a study that took place over
multiple months [73], average daily environmental
data were obtained from the nearest weather sta-
tion (www.wunderground.com) and were subse-
quently used to compute mean WBGT values,
following the methods described above. In this
case, the retrieved air velocity values were adjusted
for height and air friction following previous
methodology [74-76].

All environmental and physiological data were
extracted manually from the original publications.
In studies where only median and quartiles/ranges
were reported, the extracted data were converted
to means and standard deviations following pre-
vious methodology [77,78]. Thereafter, all WBGT
values together with the relevant physiological data
(means and standard deviations) were analyzed
using the “metafor” package [79] in R language
(Rstudio, Version 1.3.1093, PBC, Boston,
Massachusetts, United States).

Results and discussion

Our search resulted in 38 eligible ecological studies
that involved monitoring experienced and accli-
matized outdoor workers carrying out 41 jobs
across 21 countries: Australia [64,66,80-82],
Brazil [83], China [84,85], Cyprus [11,58,86], El
Salvador [87], Greece [2,58], Cambodia [88],
Guatemala [67], Hong Kong [89], India [90,91],
Indonesia [92], Iran [65,93-96], Japan [97],
Malaysia [98], Mexico [99], South Africa [100],
South Korea [101], Spain [2,58], Thailand
[102,103], United Arab Emirates [73], and United
States of America [104-107]. Of these, 60.7 %
worked in agriculture, 16.1 % in construction,
15.4 % in mining, 2.8 % in utilities, 2.4 % in public
services, 1.9 % in shipping, 0.5 % in oil and gas
production, and 0.2 % in commerce industries
(Table 1), according to the classification of
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Table 1. | Jobs carried out by the workers in the eligible

open-pit surface mine workers
Utilities

ground electrical utility workers

bucket electrical utility workers

studies.

Job description Citation

Agriculture
apple harvesters [106]
cassava farm workers [88]
chainsaw assistants [100]
chainsaw operators [100]
fernery workers [107]
grape-picking workers [11,86,99]
hand tractor workers [92]
palm oil mill workers [98]
pear harvesters [106]
potato-harvesting workers [2]
red pepper workers [101]
rice harvesters [90]
rough liners [100]
sugarcane workers [63,67,83,87]
vine growers [99]

Construction
carpenters [73,85]
handymen [85]
masons [73]
offshore island development workers [73]
outdoor scaffolding workers [85]
piling rig workers [85]
plasterers [85]
plumbers [85]
porters [85,94]
riggers [73]
stonemasons [94]
other construction-related jobs [2,58,65,84,89,91,94,97,103]

Mining

[66,80,93,95]

[105,148,180]
[105,148,180]

pole electrical utility workers [105,148,180]

electrical power network workers [64]

offshore liquefied natural gas [81]

workers

Public services

clearcutting workers [96]

outdoor council workers [82]

police officers [58]

roadworkers [94]

traffic officers [94]
Shipping

dockyard tradesmen [73]
Oil and gas production

power plant workers [102]
Commerce

street vendors [94]

industries and sectors of the International Labour
Organization.

Core temperature data were extracted from 10
studies that involved monitoring 385 outdoor
workers [2,64,66,81-83,86,101,104,105]. Skin tem-
perature data were extracted from 10 studies that
involved monitoring 391

outdoor workers
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[2,11,81,82,86,91,94,95,101,105]. Heart rate data
were extracted from 24 studies that involved
monitoring 1023 outdoor workers [63,64,66,81-
86,88-98,101-103,105]. specific gravity
data were extracted from 17 studies that involved
monitoring 1452 outdoor workers [58,63-
67,73,80,81,87,99,100,104-108]. Metabolic rate
data were extracted from 2 studies that involved
monitoring 57 outdoor workers [2,11].

Overall, our analyses involved 2,409 outdoor
workers who performed moderate intensity labour
(metabolic rate: 197.2 + 49.3 W/m?% mean + SD)
for prolonged duration (420.6 * 168.9 minutes).
On average these workers were 35.3 years old
(n = 1,987) having a body mass index of 25.0 kg/
m? (n = 1,763) and a body surface area of 1.81 m>
(n = 689). The ambient conditions which we were
able to extract data from ranged between 15.9°C
WBGT during apple harvesting [106] and 35.8°C
WBGT during work in a construction site [85].
Our analyses revealed statistically significant asso-
ciations between WBGT and differences from
baseline in core temperature (r = 0.4444,
p = 0.0034), skin temperature (r = 0.4373,
p = 0.0014), heart rate (r = 0.3784, p = 0.0081),
urine specific gravity (r = 0.1288, p = 0.0315), and
metabolic rate (r = —0.8171, p < 0.0001) (Figure 3).
Yet, these associations explained only a fraction of
the variance in core (R* = 0.1975) and skin
(R = 0.1912) temperatures, heart rate
(R*> = 0.1432), and urine specific gravity
(R*> = 0.0166) experienced by outdoor workers.
The remaining amount of variance may be
explained by inter- and intra-individual differ-
ences in outdoor workers (discussed in
a subsequent section). On the other hand, WBGT
explained more than two thirds of the variance in
metabolic rate (R* = 0.6677), in a way that the
higher the occupational heat stress, the lower the
metabolic rate of a worker.

Urine

Assessing physiological heat strain in
occupational settings

Measuring occupational heat stress in the field was
severely limited in previous years due to the techni-
cal difficulties to measure even the most fundamen-
tal physiological parameters. While technological

advances over the past decade have improved the
ability to perform field research, they do not allow
for full spectrum evaluation of physiological vari-
ables known to be impaired during work in the
heat [2]. It is therefore fair to state that, despite the
important steps forward seen in the last decade, our
understanding of occupational heat stress and strain
is still far from being complete, especially in context
of heat vulnerable workers (e.g. older adults, indivi-
duals with common chronic disease) [21,109,110].
Nevertheless, the ongoing technological progress is
anticipated to facilitate new capabilities for heat-
health measurements in occupational settings.
Soon, wireless sweat rate [111] and blood flow
[112] sensors along with wearable technology [113]
could uncover further aspects of the physiological
heat strain experienced by outdoor workers. Of
course, this presupposes having a good understand-
ing of the impact of occupational heat stress on the
physiological responses experienced by different
groups of workers, including older individuals and
those with chronic diseases.

A methodology for assessing the physiological
heat strain experienced by outdoor workers was
recently introduced by the HEAT-SHIELD project
and adopted by the International Labour
Organization [54]. To assess physiological para-
meters of primary relevance, this methodology
includes using wireless skin temperature sensors,
telemetric core temperature capsules, wireless
heart rate monitors, as well as urine specific grav-
ity and urine colour assessments. To evaluate
occupational heat stress, portable weather stations
are used, while time-motion analysis is used to
assess metabolic rate (see section “assessing physi-
cal work capacity and labour productivity”).

Assessing physical work capacity and labour
productivity

Capacity or productivity?

The first issue is whether the question is related to
worker capacity, or productivity; each has a unique
definition, and they have important differences.
Labor capacity has been defined as “the maximum
physical work output that can be reasonably
expected from an individual performing moderate
to heavy work over an entire shift”[13]. Thus, work



capacity relates specifically to the potential to per-
form work under a unique set of conditions i.e. the
climate [13], or the physical condition of the
worker [114,115]. In contrast, productivity has
been defined as the “effectiveness of productive
effort, especially in industry, as measured in terms
of the rate of output per unit of input”. Productivity
is determined not only by worker capacity, but
also psychomotor factors and operational logistics,
and is therefore difficult to model/predict reliably.
Consequently, work that has assessed reductions
in labor capacity in the heat [13] might under-
estimate reductions in productivity, since a) heat
stress also increases central fatigue [116,117] and
can decrease cognitive performance [7,9,118-120],
and b) performing at the maximum capacity
requires daily and sustained high levels of motiva-
tion. The benefits of assessing capacity are a)
reduced variance from unknown sources, b) can
be completed in a lab environment, and c) the
findings are more generalizable across different
industrial sectors. Productivity has generally been
assessed in the field using methods such as time-
motion analysis [11] and rice bundle collection
output in agriculture [90], or rock carts filled in
mining [12]. These methods provide more valid
estimates of real-world productivity losses induced
by heat, but their generalizability to different
industrial sectors is unknown. Ultimately, studies
should be explicit whether they are assessing phy-
sical work/labor capacity, or productivity. The fol-
lowing section will focus primarily on heat
induced reductions in labor capacity, unless stated
otherwise.

There exists several different methods to assess/
estimate labor capacity. Since these have been dis-
cussed previously [13,121], an in-depth discussion
on each approach was not the primary focus of
either of these papers. This section will address the
methods available to assess labor capacity/ produc-
tivity, and their strengths and weaknesses.

Work/rest ratios

The International Organization for Standardization
(ISO), the American Conference of Governmental
Industrial Hygienists (ACGIH), and the National
Institute for Occupational Safety and Health
(NIOSH) have each published Threshold Limit
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Values (TLVs) relating to safe work durations at
different levels of WBGT exposure. Safe work dura-
tions are expressed as the percent of work time that
should be spent working or resting (typically in
a 1-hour bout). The advice can be further modified
based on expected work intensity (expressed in
Watts or Watts per square meter of body surface
area) and clothing [122]. Higher work rates and
clothing insulation values necessitate a reduction in
safe allowable work durations for a given WBGT.
The advice is intended to limit core temperature of
an average group of workers from exceeding 38°C,
such that those at the upper end of the distribution
would be prevented from exceeding 41°C, a risk for
heat stroke development. The advice from the
ACGIH and ISO standard have been used to form
predictions of labor capacity [123,124]. For example,
Dunne and colleagues [123] combine ACGIH TLVs
for light, moderate and heavy labor into a single
metric, such that % workability can be determined
against the same WBGT axis along a continuum
ranging from 25 to 32.2°C. A similar approach has
been used by Brode and colleagues [124], who com-
pared results using the TLVs from ISO:7243 or
NIOSH.

Regardless of the specific approach, relying on
TLVs to form predictions results in extremely
steep reductions in labor capacity, which may
be unrealistic. At a WBGT of 30°C, labor capa-
city is predicted to fall by 70 % based on
Dunne’s model [123], whereas empirical data
shows only a 15 to 40 % reduction in labor
capacity depending on worker’s aerobic fitness
[54,115]. The advice using TLVs is, by intention,
highly conservative since its aim is grounded in
protecting most workers from exceeding a core
temperature of 38°C (which in and of itself is
conservative). Therefore, the models presented
show that 0 % work is possible when WBGT
>32°C, which is inconsistent with observations
of continued labor in hot regions where that
climatic heat value is typically exceeded [54].
A further issue is that the models predict 100
% labor capacity at WBGT 26°C, even during
heavy work. Physiological studies consistently
show reduced physical work output in these
environments, compared with a cooler reference
condition [13,125,126], such that the effect of
heat is underestimated using a model based on
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TLVs. Finally, these exposure limits do not con-
sider individual factors (e.g. age of the worker,
health status, etc) that alter heat tolerance dur-
ing work in the heat and therefore work output/
capacity.

Fixed heart rate studies

Field observations demonstrate that self-pacing
promotes a steady reduction in work output as
the heat stress intensity increases, and such
a reduction in work rate results in stable core
temperature and heart rate responses [68,127].
A variety of other studies have also demonstrated
that work output in hot conditions is intrinsically
linked to heart rate, such that average working
heart rate will not exceed a daily acceptable limit
[128-130]. Such outcomes are only likely in indus-
tries whereby self-pacing is possible, which is not
the case in some occupations where the work may
be a fixed pace, an emergency scenario, for those
working on commission who may be highly moti-
vated. Nonetheless, self-pacing approaches are
observed across major industries such as in con-
struction [130], agriculture [11], and manufactur-
ing [131], accounting for millions of workers
worldwide. The precise upper acceptable working
heart rate likely varies between individuals, yet
little information from the field is available in
this regard. Data on typical work heart rate varia-
tion with age, fitness, and sex, would be a useful
addition to the literature. However, a good esti-
mate of maximum acceptable average heart rate in
the work periods across the day is ~ 130 b/min.
This level sits at the borderline between moderate
and high intensity occupational physical work
domains (regardless of metabolic rate), as dictated
by the World Health Organisation [132].

During physical work in which individuals can
self-pace, heart rate does not appreciably change
throughout the heat stress spectrum (due to reduc-
tions in metabolic rate). Thus, using a protocol
whereby heart rate is fixed should accurately cap-
ture the decrease in work output in response to
heat stress. Importantly, however, it is not clear
how various physiological (dehydration, cardiac
fatigue, poor sleep quantity/quality) and psycholo-
gical (motivation, anxiety) states impact upon

what a worker deems as an acceptable working
heart rate. Nonetheless, a major benefit of the
fixed heart rate approach is that it is highly sensi-
tive to heat, because as the heat stress intensity
increases, a growing proportion of the cardiac out-
put is used to delivered to cutaneous tissue to help
promote surface heat loss from the body [133,134].
Consequently, at a fixed heart rate and with
increasing heat stress, less cardiac output can be
used to fuel muscular work, resulting in decreased
total work output [133,134].

Previous studies have used fixed heart rate pro-
tocols to determine various human physiological
responses to exercise [135-137]. Furthermore, Jay
and colleagues [126] used a 1-hour fixed heart rate
protocol in the heat to determine the impact of
different cooling solutions, demonstrating that, at
a fixed heart rate, total work output is reduced in
warm compared with cooler conditions, and that
electric fan use can rescue ~50 % of work output
in the heat. Building on this study, the fixed heart
rate approach has since been used to develop
highly accurate prediction models of labor capacity
in the heat [13], with further refinements based on
solar radiation [138], wind speed [139], aerobic
fitness [115], and work duration [140]. Major
strengths of this approach are that (i) it is highly
sensitive to adjustments in the thermal climate and
individual human factors, (ii) sources of unknown
variability in typical self-paced studies (such as
time trials or time to exhaustion tests) are mini-
mized, and (iii) labor capacity can be assessed in
a laboratory environment, allowing researchers to
also determine the most effective cooling solutions
in specific environments. A weakness of the
approach is that it relies on the assumption that,
in the field, heart rate is stable throughout a typical
work period, which may be an oversimplification
[90]. Nonetheless, fixing the heart rate throughout
an exercise protocol in the lab is preferable as it
allows for generalisation across most industries
involving physical work. Adopting a temporal
heart rate response pattern based on a specific
job type is likely preferable if the findings are
applied to one task. It should also be carefully
considered if absolute heart rate, or % heart rate
maximum should be used to best reflect self-
pacing behaviors across the age spectrum. For



example, while a fixed heart rate of 130 beats/min
has been used in young adults [13,115], such
a prescription is likely to be inappropriate for
older adults, who would be working at a greater
% heart rate maximum.

American time use survey

Data from the American Time Use Survey
(ATUS), coupled with meteorological data, has
been used to determine the impact of hot weather
on labor productivity [141], and subsequent eco-
nomic losses with climate change [142,143].
Importantly, the models were developed only for
jobs in which air conditioning is not available,
such as construction and agriculture. ATUS was
analyzed from 2003-2006, which is useful because
2006 included a heat wave that produced very high
temperatures across much of the United States,
allowing estimates of the labor productivity across
both ends of the temperature distribution [141].
ATUS broadly describes how and where
Americans spend their time, based on a 24-hour
time diary which details any activities undertaken,
duration of the activity, and where it took place.
Data were analyzed from individuals who were
considered at high risk of heat exposure during
work (i.e. those working predominantly outdoors),
and those at low risk (i.e. those who predomi-
nantly work indoors).

The models of ATUS merged with weather sta-
tion data indicate up to 1-hour lost labor time
when air temperature reaches 40°C, and almost
no lost labor time at 30°C. Importantly, this only
indicates that 1-hour less time is spent on labor
overall, and offers no insight into how heat
impacts productivity during the active working
period. Therefore, the ATUS approach likely
underestimates the impact of heat on labor pro-
ductivity. Interestingly, the predictions were
apparently insensitive to high humidity, despite
its well-known negative impact on performance
[144]. One reason may be that maximum humidity
was expressed as a percentage (i.e. relative humid-
ity), and was likely to occur in the early morning
due to the lower air temperature. Reporting abso-
lute humidity at a time that corresponds with the
maximum air temperature would, in our opinion,
be a less biased approach. Moreover, ATUS cannot
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account for solar radiation effects, which can have
a substantial impact on the heat stress severity.
Nonetheless, the ATUS approach provides only
mild effects of heat stress on labor productivity
since it does not consider work output during
labor, which is well known to be highly sensitive
to heat and humidity [13,127,145]. For example,
ATUS only captures total time spent working, and
cannot measure how heat impacts pacing (i.e.
metabolic work rate), or the ratio of work/rest
breaks. A strength of modeling labor productivity
from the ATUS survey is the very large sample
sizes used in the analysis (> 40,000 respondents).
A weakness is its questionable sensitivity to heat
and humidity which may underestimate current
and future climate impacts.

Time-motion analysis

Workplace heat exposure can trigger a reallocation
of the time devoted to specific work activities [2].
Work activities characterized by increased meta-
bolic demands tend to be performed at cooler
times within the work-shift, and vice versa.
Similarly, outdoor workers allocate more time to
work breaks when the heat increases [2,11]. Based
on this phenomenon, detailed video recordings
can be used as a scientific means to investigate
the effect of occupational heat stress on the meta-
bolic rate and labour productivity of outdoor
workers. This technique is known as “time-
motion analysis” and is performed either through
video recordings or in real-time [2,11,105,146-
148]. In each case, the technique involves four
interconnected stages: (i) concealing the presence
of cameras and/or observers at the work site, (ii)
conducting a sham measurement one day before
the actual experiment, (iii) conducting the actual
experiment without interfering with workers’ nor-
mal workflow, as well as (iv) informing everyone
involved about the true purpose of the study, and
analyze the data [11].

The first two stages of time-motion analysis are
dedicated to mitigating the so-called “Hawthorne
effect”, also known as “observer effect”, which
indicates that workers change aspects of their
behaviour as a result of their awareness of being
studied. A subsequent analysis of the data included
in Hawthrone experiments [149] suggested that
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the observer effect accounts for roughly 10 % of
the variance in productivity, and thus it should
always be considered. The third stage of time-
motion analysis is the actual experiment. In this
phase, all the procedures involved should be exe-
cuted carefully, having in mind that workers
should not be interrupted at any time of their
work. The cameras and/or observers should be
located in a proximity ensuring that all work activ-
ities are viewed clearly, yet without interfering
with workers’ normal workflow. The fourth stage
of time-motion analysis requires analysing the
video recordings, on a second-by-second basis, in
a way that every second matches an activity out of
a list of >10 predefined work- (e.g. harvesting) and
non-work-related  activities (e.g. unplanned
breaks) [2]. These activities are then paired with
known metabolic equivalents [150,151] to calcu-
late the impact of heat stress on workers’ meta-
bolic rate [2], and they are used to calculate the
amount of time spent on non-work-related activ-
ities as an indicator of labour loss [2,11,54,152]. In
cases where the time-motion analysis is performed
in real-time via observers, these features must be
defined prior to commencing stage three.

Major strengths of the time-motion analysis
approach are that (i) it involves monitoring actual
experienced and acclimatized workers during
their normal work routine in natural ambient
conditions, (ii) it considers behavioural thermo-
regulation (e.g. self-pacing and varying clothing
insulation), (iii) it considers the need for workers
to meet their financial obligations for survival
(e.g. the worker faces income loss when less is
achieved within the same period of time), and (vi)
it distinguishes productivity as expressed by the
amount of goods produced [90,153-157] from
labour productivity [2,11,54,152,158] which is
determined by the actual effort put into produ-
cing goods. In agriculture, for instance, expres-
sing labour productivity as the amount of crop
picked implies constant availability and equal dis-
tribution of crop across the tested piece of land,
which is known to be untrue [11]. It is a thought-
provoking paradox to assume that a miner who
spent an entire day searching for gold, in a barren
mine, without success, was not productive
because of the heat. The same applies to all out-
door occupations.

The main weaknesses of time-motion analysis
are that (i) it requires significant resources to be
performed (for example, ~12 person-hours are
needed to analyse a single 8-hour work shift for
one worker, not including study set-up, sham
measurement, and video recording), (ii) it is sen-
sitive to the Hawthorne effect, (iii) it can be diffi-
cult to make assessments of labour productivity
when the work is mechanized (e.g. driving trac-
tors) across different locations, and (iv) the out-
come is not necessarily linked with the traditional
notion of productivity (i.e. production of goods/
services) which makes the findings less
translational.

Inter- and intra-individual factors affecting
work in the heat

Workplace heat stress does not affect all indivi-
duals to the same extent and/or manner (inter-
individual differences), and its impacts may
change at different times even for the same person
(intra-individual differences). To date, 20 different
factors have been reported to modulate the phy-
siological heat strain experienced by workers
(Figure 4) [159]. Eight of these factors refer to
inter-individual differences: age [18,160-163],
anthropometrics [18,159,164], cultural habits
[165], disabilities [166,167], drugs and other
addictions [159], ethnicity [168,169], medical con-
ditions [110,170,171], and sex [18,172]. The
remaining 12 factors are connected to intra-
individual differences: acclimatization [173-176],
clothing [5,177-179], consecutive shifts [163,180-
182], environmental conditions [2,5,11,183], heat
mitigation strategies [2,5,184-186], metabolic
demands [187,188], nutritional diet [189], physical
fitness [18,164,176], sleep deprivation [190-193],
water consumption [58,176,194], work duration
[159], and work experience [159]. Detailed infor-
mation on each of these factors is provided else-
where [16,109,159]. This general categorization
across inter- and intra-individual factors is used
for context, as most of these factors can vary both
between different workers and for the same
worker  across  different  times/situations
[109,159]. In this categorization scheme, factors
that are within and beyond a worker’s control
were considered intra-individual, while the
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Figure 4. Inter- and intra-individual factors affecting the risk for experiencing increased physiological heat strain during work. Plus
and minus signs indicate factors that positively or negatively affect the risk for experiencing increased physiological heat strain

during work in the heat.18

remaining factors that cannot be changed or need
longer time to change were considered inter-
individual.

In light of the rapid technological advances,
there is growing number of studies suggesting the
transition from a more centralized heat stress
management to the development of more indivi-
dualized guidelines considering inter- and intra-
individual factors [18,109,113]. Recent technologi-
cal advances can be adopted as means toward the
development of more effective heat mitigation
planning and strategies [195]. Moreover, in an
attempt to modernize the generic guidelines pub-
lished by ACGIH which have been adopted by
different governmental bodies all around the
globe (see section “policy and current legal frame-
work worldwide”), artificial intelligence along with
machine learning techniques can be adopted to

intelligently analyze large databases incorporating
outdoor workers. These analyses should focus on
identifying useful patterns and thresholds where
work limits should be put to effectively safeguard
those who work in the heat, taking into considera-
tion intra- and inter-individual factors.

Heat mitigation strategies

To date, there have been a plethora of investigations
into different methods for improving human health
and performance in the heat [184]. However, many
of these methods have been conducted without
necessarily considering cost, feasibility, and sustain-
ability of these interventions within occupational
contexts [184]. Also typically negated from investi-
gations into the quality of cooling interventions is
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how they will be perceived by the actual stakeholders
(e.g. industry managers versus labour unions) who
will be impacted by the implementation of these
interventions [56]. Importantly, stakeholder buy-in
must include the workers, employers, safety officers
and policy makers for maximum effectiveness
[56,196]. In particular, lack of employee training
and awareness regarding heat stress, and lack of
employer support, are regularly found to be primary
barriers to cooling intervention adoption [56,196].
Accordingly, the following cooling intervention
recommendations are those we have assessed to
meet acceptable standards for effectiveness, cost, fea-
sibility and sustainability, and have been approved
by stakeholders themselves [56].

Although humans can physiologically acclimatize
to performing physical tasks in the heat, these adap-
tations take at least four days to occur [175] and are
hindered by environmental, occupational, and life-
style factors. Accordingly, a period of reduced work
intensity and/or duration should be given to workers
when first exposed to heat stress [197].

Taking additional rest breaks in cooled areas is
an effective mitigation method, however, employers
might be apprehensive due to perceptions that
additional breaks will cut into company productiv-
ity. Therefore, employers should be advised that if
extra breaks are not provided, workers will work
less efficiently (presenteeism) [2,11,198] and may
miss work due to illness (absenteeism) [198].
Ultimately, the worker faces income loss when less
is achieved within the same period of time, or a loss
of leisure/family time if more work is required.

Breaks should be taken in relatively cool areas with
access to drinking water. Small indoor air-conditioned
or well-ventilated rooms can be used, whereas out-
doors, temporary rest stations can be created using
portable parasols and sun tents to limit solar heating
[199]. Other effective cooling solutions during breaks
include submerging limbs in cold water [200], or, in
hot and dry environments with sufficient air flow,
wetting the skin [201], and/or wearing wetting cloth-
ing [202] (especially in front of a fan [203]). Using
electric fans while working [126] or resting [185] is
beneficial and effective in most geographical areas
across the globe, even in extreme heat [186]. If indoor
resting/cooling areas are available, evaporative coolers
have been reported to lower room temperature by as

much as 20.6°C in hot (35°C) and dry environments
[204]. However, in small rooms and humid environ-
ments, the effectiveness of the coolers are limited, will
likely interfere with natural evaporative heat loss from
sweating and may create an unsafe work space due to
the condensation of water in the room. For more
intense, short-duration work (e.g. spraying chemicals
in a greenhouse), cooling vests can be effective [205].

As outdoor workers often arrive to work dehy-
drated and remain dehydrated throughout the day
[58,105,180], they should be encouraged to drink
regularly before, during and after work. In indus-
tries where workers have limited access to water
(e.g. agriculture), workers should be provided with
portable methods of carrying water (e.g. backpacks
containing water bladders) [199], have water
brought to them periodically, or have water caches
established around the work area. Very cold water
and ice slushies have limited effectiveness during
work [206] and are less palatable resulting in less
consumption. Therefore, water temperature should
ideally be maintained at 10°C [207]. As a final con-
sideration, many women do not take rest breaks
because they do not wish to appear weak or their
hourly income is lower [208]. Moreover, women
have been demonstrated to be at greater risk for
dehydration, due to voluntary fluid restriction to
avoid having to use unhygienic (or non-existent) at-
work toilet facilities [209]. Relative to males, young
females have a reduced capacity to dissipate heat
during a heat stress. Irrespective of age, whole-body
heat loss (is ~5% lower in females relative to males
[210]. Further, the body’s capacity to dissipate heat
declines with increasing age in both males (~3% per
decade) and females (~4% per decade) [210].
Consequently, relative to young adults, older adults
experience higher increases in body temperature
and a greater cardiovascular burden during a heat
stress, which is potentially worse in females. In this
light, it is important to consider that sex is a key
modulator of the body’s physiological capacity to
dissipate heat [211], and therefore, sufficient sup-
port, both in the form of administrative policy and
resource availability, are required to support female
workers.

Protective clothing, which is highly insulative and
reduces heat loss [212,213], must often be worn but
can be ameliorated by incorporating ventilation



patches into less exposed areas, such as the groin,
underarms, inside the elbows and behind the knees.
For outdoor workers, the need for heat loss and
ultraviolet radiation protection must be balanced.
As such, workers should be encouraged to wear
hats and long, loose-fitting clothing made of light-
weight breathable materials made of light colours or
reflective fabrics to reduce solar radiation [5].

If possible, the work shift can be started earlier
to avoid hot afternoon hours or mid-day breaks or
“siestas” can be taken to avoid peak temperatures
[214]. Alternatively, the most physically demand-
ing activities can be moved to cooler times of
the day. However, these strategies can interfere
with private life or fixed work schedules and may
be unfeasible in some jobs.

For cooling interventions to be most effective,
employers/health  officers need to prepare
a concrete heat action plan, have all the required
equipment for this plan in place, and have all their
workers trained on how to use this plan before
periods of hot weather occur. Subsequently,
weather forecasts should be checked regularly or
employers/health officers should subscribe to
weather warning systems, to ensure they are not
caught off guard by hot weather events [215].
Additionally, “Buddy systems” and ensuring all
workers are aware of the signs and symptoms of
heat illness can help prevent illness and
injury [53].

In addition to not performing cost/feasibility/
sustainability analyses [184] and verifying the
implementability of cooling interventions with sta-
keholders [56], many cooling interventions have
yet to be tested in the field. To this end a recent
series of studies, led by the International Labour
Organization and the HEAT-SHIELD project, was
conducted to examine the capacity of 10 different
heat mitigation strategies in reducing the physio-
logical heat strain experienced by people who work
across four countries with hot climates [2]. The
study found that self-pacing should be recom-
mended as the basis of heat mitigation, while stra-
tegies targeting hydration, work-rest regimes,
ventilated garments, and mechanization can lessen
the physiological heat strain experienced by out-
door workers (Figure 5) [2]. In addition to these
findings, a different study led by the same
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organizations identified that light-coloured clothes
are capable of reducing the skin temperature of
those who work outdoors under the sun [5].

Considerations for firefighters

The ongoing climate change is becoming a “threat
multiplier” increasing the occurrence of fires all
around the globe [25] and this may increase the
exposure of firefighters to increased occupational
heat stress. Unlike industry, where heat-health
complications occur in the interest of productivity
and profit, firefighters are willing to risk their lives,
often working long hours in unbearable environ-
mental conditions, to help others in need [216]. It
is, therefore, not surprising that much of the lit-
erature on the impact of occupational heat stress
on human health and well-being is focused on
these people. As a consequence of the nature of
their profession, firefighters are at a high risk for
heat-related injuries and inflammation [217].
A study in India [218] showed that one out of
five firefighters reports significant occurrence of
heat exhaustion, while one in twenty reports
events of heat syncope, heat pyrexia, and heat
cramps. This is not surprising since even relatively
brief sessions of physical work while wearing pro-
tective clothing in the heat can cause significant
increase in physiological heat strain [212,219].
Things may be worse for older firefighters, who
can be more susceptible to heat-related injuries
while on duty, in comparison to their younger
counterpars [220].

The frequent heat exposure and/or high physi-
cal fitness of Canadian firefighters has been shown
to generate protective effects during work in the
heat [221]. This is in line with data from the
United States suggesting that the long-term heat
exposure accrued by firefighters is sufficient to
induce heat acclimatization [221,222]. In addition
to the natural heat acclimatization which plays
a catalytic role in reducing the physiological heat
strain experienced by firefighters, complementary
heat mitigation strategies should be always taken
to ensure adequate protection while on duty. For
instance, to maintain firefighters’ muscle function-
ality it is recommended to provide one hour
recovery time after performing a heavy work
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Figure 5. Heat mitigation strategies tested in a recent study led by the International Labour Organization and the HEAT-SHIELD
project (illustration modified with permission from a previous publication [2]). Top left graph: black, blue, red, and grey colors
represent “business as usual”, mechanical fruit cart, planned breaks, and ventilated garments scenarios, respectively. Top right graph:
black, blue, red, and grey colors represent “business as usual”, hydration, evaporative garments, and planned breaks scenarios,
respectively. Bottom left graph: black, blue, red, and grey colors represent “business as usual”, hydration, evaporative garments, and
planned breaks scenarios, respectively. Bottom right graph: black, blue, red, and grey colors represent “business as usual”, hydration,
ice slurry, and planned breaks scenarios, respectively. Precise values and effect sizes can be found in the original source [2]. Tcores Tsks
HR, and MET represent core temperature, mean skin temperature, heart rate, and metabolic rate, respectively. Asterisks indicate
statistically significant differences between “business as usual” and the tested heat mitigation strategies.




bout in actual occupational settings [223].
Similarly, active cooling methods can be also
used in mitigating the physiological heat strain
experienced by firefighters before re-entering
a hot environment [224]. The importance of
these mitigation strategies becomes more apparent
when considering that those performing self-paced
firefighting in the heat, and provided with ade-
quate recovery periods and unlimited access to
water, may be as effective as during duty under
temperate conditions [225,226].

Considerations for military personnel

Occupational heat stress is a major challenge for
military personnel and there is a potential, with the
ongoing global warming, to escalate into an even
larger threat in the years to come [227]. The problem
of heat illnesses in military settings is not recent. It
was described over two millennia ago, as discussed in
a previous section (see “historical background”). In
1954 the first instructions on how to prevent heat
illnesses in the army were issued, recommending (i)
acclimatization for freshmen, (ii) special training for
obese soldiers, (iii) trial of air-conditioned barracks,
and (iv) adoption of a new thermal stress indicator at
the time, the WBGT [47]. Even after adopting these
measures, in the period from 1980 through 2002,
more than five thousand soldiers were hospitalized
for heat-related illnesses in the United States, of
whom 37 lost their lives [228]. In early 2000s, there
were 14.5 soldiers hospitalized due to heat stroke for
every 100,000 troops, presenting symptoms such as
dehydration, rhabdomyolysis, and acute renal failure
[228]. These numbers can be increased by ~16 times
among those who previously experienced mild heat
injuries, as well as ~2 times among overweight and
~3 times among obese individuals [229]. On the
other hand, the number of heat stroke cases can be
reduced significantly when soldiers are adequately
acclimatized to hot conditions. For instance, a study
in Serbia showed that acclimated soldiers do not
suffer any detrimental effects of exertional heat
stress, in comparison to their unacclimated counter-
parts [230]. Similarly, a study in the British Army
found that, along with body composition and insuf-
ficient briefing about casualty evacuation, inade-
quate time for heat acclimatization was the most
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frequent risk factor for experiencing heat illnesses
among soldiers who perform in the heat [231]. It is
important to note that, although heat acclimatization
is of vital importance for soldiers who operate in the
heat, literature suggests that it should not be
reviewed in isolation, but instead it should be mea-
sured in the context of warfighting, considering exo-
genous factors such as wounding, protective
equipment, dehydration, and febrile illnesses [227].

In addition to the acclimatization strategies
adopted by armies around the world, physical fit-
ness is a crucial factor for human thermoregula-
tory capacity [18]. For this reason, encouraging
military personnel to engage in physical training,
especially when ambient conditions are thermally
comfortable or in air-conditioned facilities, is of
vital importance [232]. Moreover, complementary
cooling techniques and devices can be adopted as
heat mitigating strategies to increase heat dissipa-
tion during duty, yet, these techniques should be
carefully selected since many of them are imprac-
tical for use in the field [233]. Taking everything
into account, when organizing a military operation
several factors should be considered, including
soldiers’ physical condition, the characteristics of
the mission (duration, intensity, clothing, and
water availability), and the climatic conditions in
which the expedition is planned to take
place [234].

Climate change and future directions

The adoption of the Paris agreement on climate
change, which aims to keep global warming well
below 2°C above pre-industrial levels, constitutes
a political success and it is widely recognized as an
important win of climate diplomacy [235]. Yet,
even if stronger climate change measures are
adopted, the evidence for a severe global warming
is getting more and more apparent worldwide. The
recent Intergovernmental Panel on Climate
Change report [236] indicated that the earth is
warming at a much faster pace than previously
thought. For workers, the threat of rising tempera-
tures is omnipresent as industry worldwide will
face more frequent and intense heat events,
which are predicted to be more deadly over the
next decade. While, temperatures all over the
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planet are projected to increase by up to 4°C
within this century [237], affecting the billions of
people who work outdoors on a daily basis [14]. In
this light, evaluating the implications on the health
and well-being of those who spend their day work-
ing outdoors in the heat, as well as examining the
economic consequences of heat-induced labour
loss are of paramount importance.

With the current ambient conditions in the
United States, more than four hundred workers lost
their lives to heat stress over the period between 1992
and 2006 [23], which is translated into more than
one fatal occupational injury every two weeks.
However, when considering that people do not
work consecutive days, as well as that heat-related
occupational deaths occur mostly during months
with excessive heat stress, the picture changes dras-
tically, indicating that there is up to one fatal occu-
pational injury every two days of work in the heat.
Global warming is, unfortunately, projected to
increase these mortality rates, but most importantly,
it is also expected to diminish the quality of life of
those who will survive. In hot countries people are
already affected by working in environments which
are hotter than what their thermoregulatory system
can cope [214,238]. For instance, a study in Nigeria
which involved mainly outdoor workers with no or
low formal education, found that currently one out
of five workers strongly agreed with the statement
that heat-related injuries are common at work and
that they are aware of heat-related deaths in their
workplace [239]. These heat-related morbidity and
mortality risks are most prevalent in agriculture as
well as other sectors where people work outdoors,
such as construction and firefighting [240].
Increased prevalence of acute occupational hazards
such as fatigue, exhaustion, and psychological stress,
as well as chronic illnesses of the cardiovascular and
respiratory systems, cancers, and kidney diseases are
often linked to global warming [241-243]. Though
climate change may increase the prevalence of these
occupational hazards, the likelihood of new or pre-
viously unknown hazards should not be excluded,
since there is a risk for interaction between known
hazards and new conditions leading to the develop-
ment of new hazards [244]. In general, the frequency
and intensity of extreme heat events is expected to
increase occupational heat stress, primarily affecting

the people who work in countries situated close to
the equator [245].

The increased risk of health complications due to
climate change is accompanied by important socio-
economic impacts, such as reduced income driven
by the impaired capacity of people to work in the
heat, and other spillover effects at a community level
[246]. Warm and hot regions are expected to be the
most impaired in the face of climate change, pre-
senting an inverse relationship between ambient heat
and labour productivity [247]. For instance, in
Nigeria [239], Australia [248], as well as countries
situated in southern Europe [72] the climate is pro-
jected to get warmer and workers are likely to experi-
ence increased occupational heat stress that will
diminish their capacity for manual labour. It is
important to note that this issue is not limited only
to hot regions, as it also affects countries with rela-
tively temperate climates such as Canada, which
currently loses about 1 % of annual work hours due
to increased occupational heat stress [249]. This is
because, in cold regions, workers performing physi-
cally demanding occupations are likely to face
a deterioration in their ability to perform their duties
[247]. This is in line with recent findings from Alaska
where social workers report that they are already
aware of climate change, as well as over three quar-
ters of them believe that climate change is currently
dangerous for their clients or will be dangerous in
a decade from now [250].

To further explore the impact of climate change on
the capacity of people to work at different parts of the
world, we conducted a novel analysis to predict the
magnitude of heat-induced loss in physical work capa-
city (Figure 6), labour productivity (Figure 7), and
metabolic rate (Figure 8) of workers by year 2030. It
is important to note that, since our analysis focuses on
outdoor workers who commonly work in hot envir-
onments and would be acclimatized to the heat, we
used models developed based only on acclimatized
workers, and thus our findings may not reflect the
impact of occupational heat stress on unacclimatized
individuals. Physical work capacity is projected to be
markedly reduced due to the ongoing anthropogenic
global warming, especially in regions situated close to
the equator. Nevertheless, the metabolic rate and,
therefore, labour productivity are projected to remain
at levels higher than the workers’ physical work
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Figure 6. Predicted physical work capacity in 2030 depending on the level of occupational heat stress. These predictions are based
on estimated WBGT values for the year 2030. Air temperature was obtained from the HadGEM2-ES general circulation model with
the Representative Concentration Pathway 6.0 climate change scenario. Solar radiation was calculated for each grid cell [253],
assuming work under clear sky [291] at 14:00. WBGT values were estimated based on the methods described by Liljegren [70]. The
impact of occupational heat stress on outdoor workers was computed using a published physical work capacity model [13].

capacity, indicating that people will continue to work
more intensely than they should, in an attempt to meet
their financial obligations for food and shelter. These
estimations were conducted by using projected ambi-
ent temperatures from the Hadley Centre Global
Environmental Model version 2 - Earth System
(HadGEM2-ES) [251,252] general circulation model
with the Representative Concentration Pathway 6.0
climate change scenario. Relative humidity and air
velocity data were assumed to be constant at 40 %
and 1 m/s, respectively, which are representative
values for outdoor workplaces [2]. Solar radiation
was calculated for each grid cell (resolution: 0.5° x
0.5°), assuming work under clear sky at 14:00 [253].
Thereafter, WBGT values were estimated based on the
methods described by Liljegren [70], and physical

work capacity [31] along with labour productivity
[152] were computed based on published models.
The impact of occupational heat stress on workers’
metabolic rate was calculated based on the above-
described regression derived from our meta-analysis.

Climate change currently affects or is expected to
affect a broad range of the United Nations
Sustainable Development Goals, including “SDG3:
health and well-being”, as well as “SDG8: decent
work and economic growth”. Lessons in the fight
against global warming can be taken by Tobacco use,
another important global threat, which has many
similarities with climate change, since both threats
cause enormous damage to the health and socio-
economic status of the population [254]. The main
difference between them arises from the fact that
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Figure 7. Predicted labour productivity in 2030 depending on the level of occupational heat stress. These predictions are based on
estimated WBGT values for the year 2030. Air temperature was obtained from the HadGEM2-ES general circulation model with the
Representative Concentration Pathway 6.0 climate change scenario. Solar radiation was calculated for each grid cell [253], assuming
work under clear sky [291] at 14:00. WBGT values were estimated based on the methods described by Liljegren [70]. The impact of
occupational heat stress on outdoor workers was computed using a published labour productivity model [152].

climate change has consequences on planet’s entire
population [254]. The most important lesson learnt
from tobacco control is that any further delay in
reaching agreement on climate change policy as
well as poor implementation of the approved actions
will cost countless lives [254]. In this respect, cau-
tious science-driven messages on the health conse-
quences of global warming and the benefits of
implementing climate change policies may act as
a key component for convincing policy-makers and
people worldwide of the urgency of climate actions
[255]. The collaboration between scientists and pol-
icy-makers on the recommendation of heat mitiga-
tion strategies and heat action plans is considered
a necessary step towards developing legislative
incentives [53]. These heat mitigation measures

should be planned in a way that safeguards human
rights, supports social justice, as well as prevents the
rise of new problems or intensification of existing
ones [256]. Also, the efficacy of managing occupa-
tional heat stress in the context of global warming
depends heavily on early warning systems
[215,257,258], as well as valid and reliable ways to
quantify heat exposure at work [183,184,259].

Existing policy and legal frameworks on
occupational heat exposure

Climate change is real, and industries worldwide
are feeling its impacts. The science is clear and
demonstrates that rising ambient temperatures
have grown into a major threat for societies
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Figure 8. Predicted reduction in workers’ metabolic rate during 2030 due to occupational heat stress. These predictions are based on
estimated WBGT values for the year 2030. Air temperature was obtained from the HadGEM2-ES general circulation model with the
Representative Concentration Pathway 6.0 climate change scenario. Solar radiation was calculated for each grid cell [253], assuming
work under clear sky [291,292] at 14:00. WBGT values were estimated based on the methods described by Liljegren [70]. The impact
of occupational heat stress on outdoor workers was computed using the regression derived from our meta-analysis [reduction in
metabolic rate (W/m?) = 45.3722 — 2.3778 x WBGT in °C; Figure 3].

all over the globe [260-262]. Extreme heat events,
such as prolonged heatwaves, are currently
increasing in frequency, intensity, and duration
[263], causing workers to experience high
physiological heat strain and reduced capacity for
manual and mental labour [3], as well as resulting
in higher occupational morbidity and mortality
rates [4,264-266]. As discussed in a previous sec-
tion, the problem has been known for centuries
and the long-term financial and health benefits
from adopting heat-health legislations have been
under consultation for many years [56,255].
However, despite the history and evidence on the

topic, at the time of writing this review, only
a small number of countries enacted official legisla-
tion to protect their workforce from the heat.
Recently, some cities in the United States took
positive steps toward developing legislations to
protect pet from the heat [267]. In Indianapolis,
for instance, when ambient temperature is higher
than 26.5°C pet shelters must be shaded by trees,
and when it rises above 32°C pets must be brought
into a temperature controlled facility [267].
Although this is undoubtedly a step in the right
direction, it is oxymoron that there are no similar
standards for their owners who work in the heat



88 e L. G. IOANNOU ET AL.

under the United States Code of Federal
Regulations, and uniform occupational heat-
health policies do not exist [268]. Only California
[269] and Washington [270] have standards for
outdoor heat exposure, while according to
ACGIH [271] there is a new law requiring the
Maryland Commissioner of Labour and Industry
to develop and embrace an occupational heat-
health regulation in the near future. In
California, the employer shall implement heat
mitigation measures when ambient temperature
is equal or higher than 35°C (WBGT = 31.9°G;
assuming solar radiation = 800 W/m?, relative
humidity = 40 %, and wind speed = 1 m/s),
including a minimum of 10 minutes of cool-
down rest period every two hours of work, which
is interestingly more than five times less than what
is suggested for light-intensity work by the ACGIH
[272]. On the other hand, the state of Washington
adopted more drastic measures requiring the
employers in the state to take steps toward pro-
tecting outdoor workers from heat illness, starting
from May through September every year
[270,273]. Yet, in neither of those states there are
clear temperature thresholds at which outdoor
work activities must terminate. It is important,
however, to note that, the United States
Department of Labor announced enhanced heat
mitigation measures to protect people who work
in the heat, including outdoor workers [55]. In
Canada, the Centre for Occupational Health and
Safety [274] guides Canadian jurisdictions to
adopt the TLVs for heat stress as published by
the ACGIH [272,275]. Yet, according to the same
organization, legislation does not always specify
a maximum temperature at which work must
stop, especially when working outdoors [274,275].

On the other side of the Atlantic, European
countries do not perform better in protecting
their workforce from heat illnesses. Specifically,
at the time of writing the present manuscript
only the island nation of Cyprus, which is one
of the warmest places for a European citizen to
work, is known to have enacted heat-health leg-
islation [276], following the work-rest cycles
recommended by the ACGIH [272]. Work to
develop such legislation has been ongoing in
Greece, yet no official Ministerial Decision has
been announced to date. Collaborations between

Ministries and Universities have been forming
across several South European countries, and it
is hoped that effective heat-health legislations
will emerge during the current decade. This
southern European effort is in line with the
most recent scientific evidence which indicate
that even if stronger greenhouse gas emission
actions are implemented, high heat risk is
expected for large parts of Southern Europe
within the next decades [72]. On the other
hand, some Northern European countries, such
as the United Kingdom, adopted more generic
regulations requiring the employer to arrange
outdoor workstations, so far as is reasonably
practicable, to provide protection from adverse
ambient conditions [277].

In Africa, the South African legislation
requires the employers to ensure that their
employees work in a safe environment, but
there is no particular provision for outdoor
workers in terms of reducing exposure to high
ambient temperatures [278]. On the other hand,
countries of the Gulf region are often criticized
for the adverse ambient conditions where their
workforces carry out their duties, though it
seems that these countries have taken the lead
in the development of heat-health policies. The
Ministry of Labour of the United Arab Emirates
estimates that there are days when more than
half of country’s workforce works outdoors in
conditions that typically exceed 45°C coupled
with 90 % relative humidity [279,280]. These
conditions, are unfortunately projected to wor-
sen, becoming intolerable to humans, if urgent
measures are not adopted [281]. In this light, the
United Arab Emirates launched the “Safety in
the Heat” programme targeting 800,000 people
who work in the heat [279,280]. They also
enacted a legislation prohibiting outdoor work
between 12:30 and 15:00, during the hot months
of summer [282]. Until recently, similar legisla-
tion was in force in the state of Qatar, which
was updated in 2020 after the collaborative effort
between the University of Thessaly, the
International Labour Organization, and the
Qatari Ministry of Administrative Development,
Labour and Social Affairs [54]. The new Qatari
legislation [283] introduces a significant expan-
sion of summertime working hours during



which outdoor work is prohibited, it includes
a work stoppage when WBGT rises beyond
32.1°C, prescribes requirements for annual
health checks for workers, and requires manda-
tory risk assessments to be prepared by enter-
prises [272].

In the Asia and the Pacific region, although
some heat-health legislations are in force, they
are likely insufficient to safeguard worker’s health
and wellbeing. The Chinese Ministry of Health in
2010 announced a guideline to protect Chinese
workforce from environmental hazards [284].
The governmental regulation requires the
employer to pay high-temperature subsidies to
workers when ambient temperature climbs above
35°C [285]. Additionally, when daily maximum
temperature ranges between 35 and 37°C the
amount of time spent doing continuous labour
should be limited: at temperatures between 35
and 37°C outdoor working hours should be less
than six, and when temperatures exceed 40°C (cal-
culated WBGT: 36.0°C; assuming solar
radiation = 800 W/m?, relative humidity = 40 %,
and wind speed = 1 m/s) all outdoor work activ-
ities should be suspended [286]. However, the
implementation of the regulation is left to local
provinces in practice and applies differently to
different occupations [285]. In contrast, in
Malaysia, the Department of Occupational Safety
and Health of the Ministry of Human Resources
published a guideline on heat stress management
at the workplace [287], suggesting the adoption of
the TLVs for heat stress as published by the
ACGIH [272]. On the other hand, in Australia,
there are no regulations specifying standards for
maximum temperatures in the workplace, how-
ever, employers have a duty under the Victorian
Occupational Health and Safety Act to provide
and maintain a safe, and without risks to health,
work environment for their employees [288].

Concluding remarks and future directions

Occupational heat stress is a problem as old as
humankind and will continue to be for the
years to come. Global warming currently
impacts the billions of people who work out-
doors, and is projected to worsen the working
conditions of those who will choose to do so in
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the foreseeable future, starting from our chil-
dren and grandchildren. In this respect, meta-
analytic findings from countries all around the
world suggest that occupational heat stress
impacts significantly the physiology and labour
capacity of those who work outdoors. In parti-
cular, heat exposure impacts physiological fac-
tors including body core and skin temperatures,
as well as the heart rate and hydration state of
outdoor workers. Yet, the majority of the var-
iance in these factors may be explained through
inter- and intra-individual differences among
workers. On the other hand, occupational heat
stress diminishes the capacity of outdoor work-
ers for manual labour and is responsible for
more than two thirds of the variance in their
metabolic rate. In this light, many methods
have been proposed to investigate the effect of
heat on the capacity of workers for manual
labour, including lab studies looking at physical
work capacity, and time-motion analysis look-
ing at labour productivity. Both of these meth-
ods have benefits and drawbacks, and there is
a continuous need to explore new techniques
for assessing this important issue that affects
billions of people worldwide, particularly in
the face of climate change.

Taken together, the evidence presented in
this review suggests that physical work capacity
is projected to be highly affected due to the
ongoing global warming, especially in regions
situated close to the equator. On the other
hand, labour productivity is projected to
remain at much higher levels, indicating that
workers will probably continue to work at fast
pace even though their physical work capacity
will be diminished. These contradictions sug-
gest that the physiological heat strain experi-
enced by workers will probably increase within
the next few decades unless urgent measures
are adopted. However, an inconvenient truth,
is that even if human greenhouse gas emissions
stopped tomorrow, their lengthy lifetime in the
atmosphere would ensure continued warming
for decades [289], while people will pursue
work in a warming planet in an attempt to
meet their financial obligations for food and
shelter. In this respect, complementary mea-
sures targeting self-pacing, hydration, work-
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rest regimes, ventilated garments, and mechan-
ization can be adopted to protect those who
work outdoors [2]. In addition to these mea-
sures, a collective global effort is deemed neces-
sary to bring the voice of experts to the surface.
That is to say, consensus recommendations by
experts [259,290] and structured communica-
tion with policy-makers [56] could be utilized
as a mean to deliver strong messages towards
adopting heat-health policies. This is because
any further delay in reaching agreement on
climate change policy or poor implementation
of the approved actions will cost countless lives.
It is probably the time to realize that for some
people it may be too hot to work today, but
tomorrow will be even hotter.

List of abbreviations

Abbreviation Explanation

ACGHH American Conference of Governmental Industrial
Hygienists

ATUS American Time Use Survey

HadGEM2-ES  Hadley Centre Global Environmental Model version
2 - Earth System

ISO International Organization for Standardization

NIOSH National Institute for Occupational Safety and Health

TLVs Threshold Limit Values

WBGT Wet-Bulb Globe Temperature
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